There is now considerable evidence that daily hospital admissions for cardiorespiratory diseases are linked to levels of particulate and gaseous ambient air pollution on the same or previous days (1) (2) (3) . This is consistent with even more substantial evidence concerning daily mortality. In the formulation of public health policy it has been assumed that these associations have a causal basis, but at the scientific level there remain important questions concerning residual confounding, the effects of individual pollutants or mixtures, and other factors that may modify health effects. Further evidence on these issues will have an important bearing on conclusions about the cause and mechanisms of the health effects of air pollution.
Because populations are exposed to mixtures rather than to individual pollutants, multicity studies have the potential to create added insights into some of these issues. Those that have been established so far, using the approaches of APHEA (Air Pollution and Health: a European Approach) Phase I (4) and Phase II (5) and NMMAPS (National Mortality and Morbidity Air Pollution Study) (6, 7) , are confined to the temperate climatic zones. Hong Kong is a large city in a subtropical region where there is evidence of adverse effects of air pollution (8, 9) . London, United Kingdom, is a city of similar size for which adverse health effects of air pollution have also been reported (10, 11) . On one hand, there are similarities between the two cities in terms of their main sources and levels of pollutants and patterns of the respiratory and cardiac diseases. On the other hand, there are differences between the two cities in terms of a number of factors that might influence confounding or effect modification; these include demography, climate, housing, lifestyle, patterns of disease, the health care system, and seasonal cycles of both weather and pollution variables.
We have conducted parallel analyses of the short-term associations between air pollution and daily hospital admissions in Hong Kong and London to compare and contrast the health effects of air pollution in the two cities. This comparison has relevance to the understanding of the short-term health effects of air pollution, their consistency, and the factors that may modify their effects.
Methods
Daily emergency hospital admissions for respiratory and cardiac diseases were obtained from routine hospital information systems for Hong Kong (1995 Kong ( -1997 and London (1992 London ( -1994 . The data included in this study are from patients admitted to hospitals immediately either through the accident and emergency departments, general outpatient departments, or directly to the inpatient wards on the grounds of urgency. The series that we chose for comparison were those selected by the APHEA-2 collaboration; these included asthma [International Classification of Diseases, Revision 9 (ICD-9) code 493] (12) for ages 15-64 years, respiratory disease (ICD-9 460-519) for ages 65 and over, cardiac diseases (ICD-9 396-429) for all ages, and ischemic heart disease (IHD; ICD-9 410-414) for all ages.
Daily average 24-hr concentrations of PM 10 (particles with median aerodynamic diameter < 10 µm), nitrogen dioxide, and sulfur dioxide and average 8-hr concentrations of ozone were collected from background monitoring stations in each city. Only stations able to provide data for 75% or more days during the study periods were used. A daily concentration was accepted as valid if more than 17/24 or 5/8 (in the case of O 3 ) hourly measurements were made. When data were available from more than one monitoring station, we used a simple filling-in procedure to improve data completeness. Missing values were replaced with the mean of values from those stations with available data. The pollutant measures from all stations providing data were then averaged to provide city-wide daily estimates.
We used a statistical approach that closely followed the one adopted by the APHEA-2 study. Poisson regression was used to model the associations between the dependent variable, daily admission counts, and independent variables including nonparametric smooth functions of time, temperature, humidity, and influenza. We used loess functions (13) of time with a minimum span of 60 days to model seasonal fluctuations in admission counts. Temperature and humidity recorded on the day of admission and up to 3 days before admission were investigated and modeled using nonparametric smooth functions, with the degree of smoothing determined by the exposureresponse curves and the Akaike's Information Criteria (14) . In addition, dummy variables for days of the week, holidays, and unusual events such as thunderstorms and influenza epidemics were included as other independent variables. Daily admission counts for influenza at the 4th quartile (for each week) were used as indicators of influenza epidemics. Models were fitted using a quasilikelihood method assuming constant over-dispersion over time. This modeling procedure was carried out for each series studied, and the core models were assessed using plots of model residuals and fitted values and plots of the estimated partial autocorrelation functions. Pollution measures were then added in turn, and if necessary, both overdispersion and autocorrelation were further adjusted for using statistical procedures implemented in S-PLUS (Insightful Corporation, Seattle, WA, USA) (15) . We examined concentrations on the day of admission and on the previous 3 days, and the means of the current day and the previous day (lag 0-1). Any linear effect of the pollutant could be assessed by adding a pollutant measure into the model described above. A possible nonlinear effect of the pollutant was further assessed by an exposure-response relationship generated by generalized additive modeling (16) . The procedure involved symmetrical application of a loess smoothing function on a number of pollutant measures around a specific point and estimation of the risk at that specific point. A plot of risk against all the specific points along the x-axis produced an exposure-response curve.
To investigate seasonal differences in the pollution effects, dummy variables were added to the models to indicate season and pollutant-season interaction terms. The warm season was defined as April-September and the cool season was October-March. We derived estimates of the pollutant effects in each season from the models together with p-values for the interaction terms, which indicated whether or not the observed seasonal differences were statistically significant.
We used two-pollutant models to estimate the effects of one pollutant at mean cumulative lag 0-1 days after controlling for another pollutant also at mean cumulative lag 0-1 days.
Results
Background demographic, health, and environmental data. The background characteristics of the two cities have been summarized (Table 1) . Hong Kong has a population of over 6 million and occupies an area of approximately 1,000 km 2 , comprising two major islands, some smaller outer islands, a peninsula, the lands adjacent to the mainland, and some reclaimed areas. It is situated at 22.5°N latitude at the mouth of the Pearl River, which opens into the South China sea. Hong Kong has a subtropical climate that tends toward the temperate for nearly half the year. The average annual rainfall is 224 cm, most of which falls in the summer months.
Greater London has a population of about 7 million people and occupies a roughly circular basin of 1,600 km 2 , which is bisected east to west by the River Thames and bounded to the north and south by low hills. It lies at a latitude of 45°N and has a temperate maritime climate. The average annual rainfall is 58 cm, which falls throughout the year. Table 2 shows a comparison of relevant demographic, health, and environmental characteristics for Hong Kong and London. The age distributions of the two cities are similar, but age-standardized annual mortality rates are lower in Hong Kong than in London for deaths from all causes and from cardiovascular diseases. Standardized annual rates for admission to public hospitals are higher in Hong Kong than in London for respiratory disease (12.9 vs. 8.0 per 1,000) and for cardiovascular disease (5.8 vs. 5.5 per 1,000). Among respiratory hospital admissions, the proportions due to respiratory infections are similar, but admissions due to chronic obstructive pulmonary disease are greater in Hong Kong and those due to asthma are higher in London. The relative distributions of subcategories of cardiac diseases were similar except that arrhythmias were more common in Hong Kong.
PM 10 and NO 2 emissions in London were both predominantly from traffic (83% and 83%, respectively); in Hong Kong they were from both traffic (61% and 41%, respectively) and power generation (33% and 45%, respectively). SO 2 in London was almost equally derived from traffic, industry, and power generation (28%, 34%, and 38%, respectively), but in Hong Kong they were mainly from power generation (65%) and industry (21%).
Daily time-series data. Summary statistics for daily counts of admissions, by cause and age, pollutant concentrations, and meteorologic variables are shown in Table 3 . Correlations between these variables are shown in Table 4 . London had almost twice the median daily count of admissions for asthma as Hong Kong but only two-thirds the median number of admissions for respiratory disease. The numbers of cardiac admissions were more comparable, but London had almost 50% more emergency admissions for IHD than Hong Kong.
The concentrations of NO 2 , SO 2 , and O 3 were higher in London, whereas PM 10 levels in Hong Kong were almost double those in London (46.8 vs. 24.8 µg/m 3 ) ( Table 3 ). In Hong Kong, there was a marked seasonal variation in ambient concentrations of NO 2 , O 3 , and PM 10 , all of which were lowest in the warm season and highest in the cool season. In contrast, SO 2 tended to show less seasonal variation and was highest in the warm season. In London, there was little seasonal variation in NO 2 ,
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Single-pollutant models. The associations between pollutants (a priori mean lag 0-1 days) and the four admission outcomes are shown in Table 5 . We found no statistically significant associations between asthma admissions and any of the four pollutants in either of the cities. For respiratory admissions, we found small, positive, and statistically significant associations with all four pollutants in Hong Kong. By contrast, only O 3 was significantly associated with respiratory admissions in London. For cardiac diseases, both cities showed significant positive associations of comparable size with NO 2 , PM 10 , and SO 2 . There were no significant positive associations with O 3 in Hong Kong, whereas in London it was significantly negative. The direction of effects for IHD was the same as for all cardiac diseases in both cities, but the estimates were lower in Hong Kong than in London (except O 3 ) and none were significant. In London, the relative risks for IHD were similar to those for all cardiac diseases and all were significant; the association with O 3 was negative.
Results for the most significant single day lag from lags 0 to 3 are shown in Table  6 and illustrated along with the other single day lags in Figure 1 . Generally, these results are similar in terms of direction and magnitude to the a priori choice of mean lags 0 and 1. One difference was that in London, the associations between admissions for asthmatic attacks in the 15-64 age group, as well as respiratory disease in the ≥ 65 age group and NO 2 , PM 10 , and SO 2 in the best single lag days, were larger than the a priori (lag 0-1) choice and are statistically significant. 10 1.0 (0. These stronger associations all occur with longer lag 3 except once with lag 2. Another clear difference between the two cities was for admissions for IHD. In Hong Kong the most significant associations occurred at lag 2 or 3 days for the four pollutants, whereas in London they were at lag 0 days for NO 2 , O 3 , and SO 2 . PM 10 was the exception in London, with the most significant lag occurring at lag 3 days. In both cities however the magnitude of the effects were similar whether at mean lag 0-1 days or the most significant day. Estimates of pollution effects by season (Table 7) showed contrasting patterns between the two cities for respiratory disease and similar patterns for cardiac disease (Figure 2) . In Hong Kong, pollution effects on respiratory disease tended to be greater in the cool season and significantly so for NO 2 and SO 2 ( Table 7) . In London, the pattern was reversed with greater effects in the warm season, significantly so for NO 2 and PM 10 ( Table 7 ). The two cities were similar in having larger estimates of cardiac admissions in the cool season (with the exception of O 3 for London); all of these seasonal interactions were significant for Hong Kong, but only one (PM 10 ) was significant for London (Table 7) .
Two-pollutant models. In Hong Kong, associations between respiratory admissions and each of the four pollutants studied tended to be robust to inclusion of a second pollutant into the models (Table 8 ). There were two exceptions: the PM 10 and SO 2 associations were substantially reduced after NO 2 was added to the models. In London, associations between respiratory admissions and NO 2 , PM 10 , and SO 2 were nonsignificant and remained unchanged after the addition of a second pollutant. The significant O 3 associations found in London were robust to the inclusion of an additional pollutant.
For cardiac admissions in Hong Kong, the addition of NO 2 or SO 2 reduced the magnitude and statistical significance of NO 2 , SO 2 , and PM 10 associations (O 3 was not found to be significant in single-pollutant models). These results were largely replicated in the London analyses, although in a model containing NO 2 and SO 2 , SO 2 was clearly the "most robust" pollutant, retaining both the magnitude and statistical significance of its association after the inclusion of NO 2 .
Exposure-response relationships. For respiratory admissions in Hong Kong, a negative (Figure 3 ). For cardiac admissions and PM 10 between the 10th and 90th percentiles (i.e., 25-87 µg/m 3 in Hong Kong and 16-46 µg/m 3 in London), both cities showed positive exposure-response relationships (Figure 3 ). We observed a negative linear association for O 3 across the range of the pollutant in London, whereas in Hong Kong we observed a "J"-shaped exposure-response relationship, indicating a positive association between cardiac admissions and the higher levels of O 3 (data not shown).
For the other exposure-response relationship, there were similarities as well as dissimilarities between the two cities ( Figures  4-7) , which was quite in agreement with those results presented in Table 5 for the same lag 0-1 day effects.
Discussion
Validity of results. The analytic method was the same in each city and followed the approach adopted by the APHEA collaboration. One of the present authors (R.W.A.) was responsible for analyzing the APHEA 2 respiratory admissions data and worked closely with researchers in Hong Kong to ensure that the application of methods was the same in each city. One feature of this method of Poisson regression is that seasonal, long-term trends and weather factors were modeled using nonparametric methods. This method is widely accepted and has been found to yield comparable results to the earlier method, which uses sinusoidal models for seasonal control (29) . It also gives similar results to methods that use a synoptic approach to control for weather factors (30) . In a sensitivity analysis, the method of parametric seasonal control was applied to selected series in both London (11) and Hong Kong; results were similar to those observed using the current method, which used generalized additive models (data not shown). The data on air pollution, weather, and outcomes were defined in an identical manner. We did not validate the consistency of hospital diagnosis, but since medical practice and the death certification procedure in Hong Kong has been strongly influenced by British and Commonwealth medical education, it is unlikely that there were major differences. In any case, the adoption of some broad categories (lower respiratory disease and cardiac disease) should have absorbed diagnostic transfer within those groups. The lower level of asthma admissions corresponds to the known lower prevalence of asthma in Hong Kong (31, 32) . The lack of statistically significant association in asthmatic admissions may be due to the small numbers, relative to the other categories, and low statistical power to detect a significant association. Respiratory admissions. The results for respiratory admissions were similar when the best single day lag was chosen, with all pollutants showing significant effects in both cities. These results are in line with many other studies (33) . However, when the 0-1 day lag was compared, the cities were similar only for O 3 , with only Hong Kong showing significant effects of the other pollutants. This may be explained by the fact that in Hong Kong the effects of PM 10 , NO 2 , and SO 2 were greatest at early lags, whereas in London the effects were greater with later lags. We have considered whether this difference in lags could be explained by the different primary health care systems. In Hong Kong this is a combination of private practitioners (the great majority) and public out-patient clinics, and heavy use of hospital accident and emergency departments. Perhaps this results in more rapid referral to hospital of persons with severe lower respiratory disease than in London, where the state-provided primary care system takes more responsibility for treating moderately severe disease at home and for controlling access to hospital facilities. We observed that the lag patterns for respiratory mortality associated with NO 2 , PM 10 , and SO 2 ( Figure 8) (34,35) also followed the respective patterns for respiratory admissions (Figure 1 ). The other difference in the effects of NO 2 , PM 10 , and SO 2 was that in Hong Kong, the effects were stronger in the cool season, whereas they were stronger in the warm season in London. One common factor here is that the humidity is lower in the season showing the largest effects. It may also be relevant that the average levels of all pollutants apart from SO 2 are highest during the cool season in Hong Kong.
The strong associations between respiratory admissions and NO 2 and PM 10 suggest that traffic may be an important source of toxic pollution. In both cities, it has been estimated that only a minority (about 20-40%) of PM 10 particles in the ambient air (not just for emissions from various sources) is derived from local traffic (36, 37) . This is consistent with the finding that NO 2 retains its strong association in two pollutant models while PM 10 does not.
O 3 showed consistent significant effects on respiratory admissions, irrespective of whether the mean lag 0-1 days or best single day lag was chosen. The exposureresponse relationships with O 3 were linear in both cities when concentrations were > 20 µg/m 3 , but in Hong Kong, a negative relationship was observed below this level. It could be postulated that the Hong Kong population would be more resistant to O 3 because the diet is higher in antioxidants and because air conditioning is used in most closed spaces, but our data suggest that both populations are equally susceptible. It is relevant to note that O 3 also shows associations with respiratory admissions in a range of European cities, with little heterogeneity (33, 38) . In both London and Hong Kong, the association with O 3 was very robust to the inclusion of other pollutants in the model.
Cardiac admissions. The results for cardiac admissions were similar for both cities in respect to NO 2 , PM 10 , and SO 2 . This was irrespective of whether the mean lag 0-1 or the best lag was chosen, because in contrast to respiratory admissions, both cities displayed the same lag patterns, with lower risks at longer lags. These results add to the accumulating evidence worldwide that air pollution has short-term effects on cardiac admissions. Our evidence indicates that within the cardiac group of diagnoses, there are also effects on ischemic heart disease, but we do not know from this study if the same applies to other diagnoses such as cardiac failure or cardiac arrhythmias. However, we previously demonstrated an effect of O 3 in the cool season on admissions for these cardiac events in the elderly in Hong Kong (8) . The exposure-response relationships with NO 2 , PM 10 , and SO 2 were linear in both cities, and there were similar seasonal associations, with both cities having larger effects in the cool season. The two-pollutant models also showed considerable similarities, with NO 2 being robust to the inclusion of PM 10 in the models but affected to some extent by SO 2 . In both cities, the effect of SO 2 retained its statistical significance in the presence of all the other pollutants. Relevance of results. The principal aim of this study was to determine if the effects of air pollution on daily hospital admissions are consistent between Hong Kong and London. An important component of causal thinking in observational studies is whether the associations are consistent in widely varying environments. This is one way in which concerns about unknown or inadequately controlled confounding can be addressed. In air pollution time-series studies, this is especially important because other components of causal reasoning such as size of effect, biological plausibility, and coherence are less convincing than many would wish. Hong Kong and London differ markedly in many respects that could affect confounding or effect modification, especially in climate and lifestyle. We have based our comparison on the size, significance, and direction of estimates of effect, lag pattern, exposure-response relationship, and seasonal effects. We conclude overall that there are considerable similarities in the effects of each pollutant, although the explanations for some differences, including a lack of association with asthma admissions in adults in Hong Kong, differences in the lag pattern for all respiratory admissions, and opposite directions of effect for O 3 and cardiac admissions, remain uncertain. Overall, we consider the similarities to outweigh the differences; thus, we conclude that our study strengthens the argument for the causality of air pollution associations with hospital admissions.
The comparison has done less to clarify which component of the pollution mixture is important. The O 3 associations with respiratory disease are at least independent of other pollutants and in line with studies elsewhere. There is also evidence that O 3 is potentially toxic at near ambient levels (2). For cardiac admissions, the PM 10 associations were less independent of NO 2 (and in some cases SO 2 ) than the reverse. Toxicologic evidence suggests that NO 2 and SO 2 are unlikely to have effects at this level, which points toward them being surrogates for some other toxic component. PM 10 is widely regarded as important in spite of meagre human toxicologic corroboration. The cities were similar in the proportion of fine particles comprising PM 10 and in other components such as sulfate (as an indicator of secondary particles) and carbon (as an indicator of primary particles) (36, (39) (40) (41) . Our study, like many others, suggests that traffic sources are important but cannot be more specific. Analysis using many, rather than only two, cities may be one way of learning more about the effects of different pollution mixtures (42) . 
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